Abstract: A polycrystalline sample of (Bi 0.5 K 0.5 )(Fe 0.5 Nb 0.5 )O 3 was prepared using a mixed oxide at 1000°C. The preliminary structural analysis using X-ray diffraction data of the compound indicates the formation of a single-phase rhombohedral structure similar to that of parent BiFeO 3 . Microstructural and elemental analysis using a scanning electron micrograph and energy-dispersive X-ray spectroscopy, respectively, were carried out at room temperature with higher magnification exhibiting a uniform distribution of grains and stoichiometry. The appearance of hysteresis loops (P-E) confirms the existence of ferroelectricity of the sample with a high remnant polarization of (2P r ) 17.76 Ccm −2 . Using impedance spectroscopy, the electrical properties of the material were investigated at a wide range of temperature (25-500°C) and frequencies (1 kHz -1 MHz) suggesting dielectric non-Debye-type relaxation in the material. The nature of the Nyquist plot (Z ϳ Z ) shows the dominance of the grain contribution in the impedance. The bulk resistance of the compound decreases with increasing temperature, like that of a semiconductor, which shows a negative temperature coefficient of resistance (NTCR) behavior. The frequency dependence of AC conductivity suggests that that the material obeys Jonscher's power law. Magnetic hysteresis (M-H) loop shows very weak ferromagnetic behavior at room temperature. Résumé : Nous préparons un échantillon poly-cristallin de (Bi 0.5 K 0.5 )(Fe 0.5 Nb 0.5 )O 3 par mélange d'oxydes à 1000°C. L'analyse préliminaire de structure à l'aide de la diffraction X indique la formation d'une structure rhomboèdre à phase unique, similaire à celle du parent BiFeO 3 . L'analyse micro-structurelle et fondamentale utilisant les techniques SEM et EDAX de micrographie électronique à balayage, à la température de la pièce et plus haute magnification, montre une distribution uniforme des grains et de la stoechiométrie. L'apparition de boucles d'hystérèse (P-E) confirme la ferroélectricité de l'échantillon avec une haute polarisation rémanente de (2P r ) 17.76 Ccm −2 . L'utilisation d'une technique de spectroscopie d'impédance permet une étude des propriétés électriques de l'échantillon, sur de larges domaines de température (25-500°C) et de fréquence (1 kHz -1 MHz), qui suggère une relaxation diélectrique dans le matériel qui n'est pas du type Debye. Le graphique (Z ϳ Z ) de Nyquist montre la dominance de la domination du grain dans l'impédance. La résistance en volume de l'échantillon décroit lorsqu'augmente la température, de façon similaire à un semi-conducteur avec un coefficient thermique de résistance négatif. La dépendance en fréquence de la conductivité ac suggère que le matériel obéit à une loi de puissance de Joncher. La boucle d'hystérèse (M-H) est caractéristique d'un très faible ferromagnétisme à la température de la pièce. [Traduit par le Rédaction]
Introduction
Multiferroics exhibit multiple ferroic properties (i.e., ferroelectricity and ferromagnetism in a structurally distorted system), which allow mutual control of electric polarization with magnetic field or controlling magnetization by electric field. This phenomenon is generally known as magnetoelectric effect. Magnetoelectric effects make them potential cadidates for fabrication of devices: spintronics, memory, sensors, oscillators, phase shifters, etc. [1] [2] [3] [4] [5] . Among the multiferroics developed today, BiFeO 3 (BFO) has received tremendous attention over the last few years because of its unique ferroelectric (T c = 1100 K) as well as magnetic (T N = 650 K) properties [6, 7] . The high transition temperatures of the material have made it more useful and meaningful for the fabrication of devices. It has a rhombohedrally distorted perovskite structure with space group R3c [8, 9] . However, the high-leakage current or tangent loss of BFO limits its applications. The lowresistivity of BFO is caused by the valence fluctuation of Fe ions and existence of secondary phases. Recently, a large polarization was reported in thin films of the compound [10] . But in bulk ceramics, because of defect and non-stoichometry, the polarization is very low, which also limits its applications. BFO is antiferromagnetic with a very small residual magnetic moment [11] . To improve the multiferroic properties of BiFeO 3 , various attempts have been made, including substitution of suitable elements and rare earth metals (Tb, Nd, Sm, Gd) at the Bi site or fabrication of solid-solution-composites with another ferrites, ferroelectric and (or) polymers [12] [13] [14] [15] . In this process, magnetization was found to be enhanced on substitution of Y at the Bi site [16] . Solid solutions of BFO fabricated with other ABO 3 -type perovskites improve the dielectric and magnetic properties with structural stability. The solid solution of BFO with BaTiO 3 showed much improved dielectric properties, and hence the crystal structure of BFO was stabilized by removing impurity phases [17] . Magnetic properties of the materials were enhanced on addition of DyFeO 3 to BFO [18] . An enhancement in remnant polarization and magnetization was observed when (Bi 0.5 Na 0.5 )TiO 3 was added to BFO [19] . The solid solution of BFO-NaNbO 3 has enhanced ferroelectric properties with reduction in leakage current [20] . However, not much improvement in the ferroelectric and magnetic properties in the solid solution of BFO-KNbO 3 was observed [21] .
An improvement in the dielectric properties of BFO was observed on addition of LiNbO 3 to the compound [22] . As KNbO 3 has high spontaneous polarization of 0.41 C/cm 2 [23] , it is expected to improve the ferroelectric properties of BFO. In view of this, we have synthesized a solid solution of BFO and KNbO 3 in equal molar ratio and studied its structural, microstructural, electrical, ferroelectric, and magnetic properties.
Experimental procedure
The polycrystalline sample of (Bi 0.5 K 0.5 )(Fe 0.5 Nb 0.5 )O 3 (or BKFN) was prepared through conventional means using a standard hightemperature solid-state reaction with high-purity (99.9% pure or AR grade) ingredients; Bi 2 O 3 , K 2 CO 3 , Fe 2 O 3 , and Nb 2 O 5 (M/S Loba Chemie, Pvt. Ltd. India). The fine powders of these starting compounds were weighed in proper stiochiometry, and then mixed thoroughly in dry and then in wet medium (methanol) for 3 h in an agate mortar. Then the resultant mixture was calcined at 1000°C for 8 h. The formation of the compound BKFN was checked using X-ray diffraction at room temperature with an X-ray diffractometer (Bruker Advanced D8) using CuK␣ radiation (1.5405 Å) over a wide range of Bragg angles (20°< 2 < 80°) with a scanning rate of 2°/min. After calcination, the powder was then mixed with a binder polyvinyl alcohol (PVA). Pellets of diameter 10 mm and thickness 1-2 mm were fabricated using a hydraulic press. The pellets were then sintered at 1050°C for 6 h. The microstructure of the pellet was recorded using a scanning electron microscope (JEOL JSM-5800). For electrical measurements, silver paste was coated on both the surfaces of the disc, which act as electrodes. In the present investigation, the dielectric and electrical measurements was carried out using a PSM 1735:N4L impedance analyzer with indigenously developed two-terminal sample holders in the frequency range of 1 kHz -1 MHz. The offset voltage given to the sample is 1 V. The polarization (hysteresis loop) of the sample at various fields was obtained using a hysteresis loop tracer (Version 4.9.0 of Radiant Technologies, Inc., 1999-10/02/12). The current density -electric field characteristic of the sample was measured at different temperatures by an electrometer (Keithley Instruments Inc. model 6517B). The magnetic measurement was carried out using a superconducting quantum interference device magnetometer (Ever Cool SQUID VSM DC magnetometer) at room temperature. Figure 1 shows the room temperature X-ray diffraction pattern of BKFN. The nature of the pattern (peaks' positions and their intensities) confirms the formation of a single-phase compound similar to BFO. However, some small peaks (not related to BFO) appeared (indicated with asterisks) that may be related to secondary phase Bi 2 O 3 . All the peaks (except the impurity phase) were indexed using a computer program POWD [24] . Preliminary structural analysis shows that the material is crystallized to rhombohedral (hexagonal), as that of the parent (BFO). The obtained lattice parameters were refined using the least-squares method. The refined lattice parameters are: a = 5.6473 (28) Å, c = 13.867 (28) Å (the standard deviations are noted in parenthesis). The average crystallite size of the sample was calculated from X-ray line broadening using Scherrer's equation [25] ,
Results and discussion

Structural and microstructural properties
where K is a constant equal to 0.89, = 1.5405 Å, ␤ 1/2 is the full width at half maximum (rad), and hkl is the Bragg angle. The average value of crystallite size is found to be 33.6 nm. Figure 2a shows the scanning electron microscope image of BKFN recorded at room temperature, which reveals that the grains are of varying size, but have well-defined and sharp edges. The grains are evenly distributed over the surface. Figure 2b shows the compositional analysis of the sample using energy-dispersive X-ray spectroscopy (EDAX). All the peaks of the EDAX pattern have been perfectly assigned to the elements present in BKFN, which shows that there is a good agreement between theoretical calculation and experimental result of the elements in the sample. The compositions are found to be 42.52%, 7.74%, 10.74%, 19.67%, and 19.34% whereas the theoretical values are 42.40%, 7.93%, 11.33%, 18.85%, and 19.47% for Bi, K, Fe, Nb, and O, respectively. This clearly indicates the purity and formation of BKFN. Figure 3 shows frequency dependence of relative dielectric constant (⑀ r ) at various temperatures. It is observed that ⑀ r decreases rapidly with increasing frequency and becomes independent at higher frequencies. The decrement is attributed to the dielectric relaxation. This is very much consistent with that of nonlinear dielectrics because at lower frequencies all the polarizations (i.e., interfacial, dipole, ionic, atomic, and electronic) are present in the samples. When an external field is applied, the dipoles take some time to align themselves in the direction of the field and that time is called relaxation time, which is nearly equal to 10 −9 s [26] . As frequency increases, a point is reached where the charge carriers do not align with the field, and as a result, polarization does not reach saturation. As the dipoles begin to lag behind the field, the dielectric constant decreases. At very high frequencies, the dipoles can no longer follow the field, and hence remain constant. The decrease in relative dielectric constant can also be explained based on the hopping of electrons from Fe 2+ to Fe 3+ ions, because the electrons require a large amount of energy. At low frequency, the electron does not get enough energy for hopping but at higher frequencies; they acquire sufficient energy, and hence hopping takes place between Fe 2+ and Fe 3+ . Therefore, conductivity increases and the dielectric constant decreases [26] . Figure 4 shows temperature dependence of relative dielectric constant (⑀ r ) and tangent loss (tan␦) for BKFN at selected frequencies (10 kHz, 100 kHz, and 1 MHz). The value of ⑀ r is almost frequency independent for small temperatures (200°C). Above 200°C, it induces strong frequency as well as temperature dependent parameters. It is found that ⑀ r increases with increasing temperature. The nature of variation of tan␦ with temperature is same as that of ⑀ r . Generally, tan␦ has a very high value in the low-frequency region and at high temperatures, in Fe-containing compounds, which decreases rapidly at higher frequencies. No dielectric anomaly or phase transition is observed in a wide temperature range (25-500°C). The increase in the value of tan␦ might be due to increased electrical conductivity. A hump is seen around 370°C, which may be related to some thermal processes occurring in the material signifying energy loss. However, the peak is frequency dependent, and is suppressed at high frequency, which may be because of the possibility of space charge relaxation. In the ceramic sample of the material, the ionic conductivity is due to the movement of alkali ions. Because K + ions move easily on heating, as a result, conductivity increases, and hence tan␦ increases with temperature. Figure 5 shows electrical polarization -electric field (P-E) hysteresis loops of BKFN measured at various electric fields at room temperature at 20 Hz. The appearance of loops confirms that the material is ferroelectric. It is found that the values of polarization (P r ) and coercive fields (E C ) increase with increasing electric fields. The value of remnant polarization (2P r ) and coercive field (2E C ) measured at a voltage of 4 kV are found to be 17.76 Ccm −2 and 36.58 kV/cm, respectively.
Dielectric properties
Polarization study
Complex impedance analysis
The complex impedance spectroscopy is a powerful tool for electrical characterization of materials over a wide range of temperature and frequency. This technique is also used to investigate the dynamics of bound or mobile charge carriers in dielectrics. The electrical properties are represented in terms of complex parameters as
Complex modulus
Complex admittance Figure 6 shows the frequency dependence of real (Z ) and imaginary (Z ) components of impedance at various temperatures. It is observed that Z decreases with increasing frequency as well as temperature, indicating an increase in AC conductivity. The values of Z for all temperatures merge at higher frequencies indicating temperature-and frequency-independent behavior of the material in said frequency range. This is due to the release of space charge, and reduction in barrier properties of the material with rise in temperature [27, 28] . The larger values of Z at low frequencies indicate larger effects of polarization. At low frequency, the value of Z decreases with increasing temperature showing negative temperature coefficient of resistance type of behavior similar to that of semiconductors.
The value of Z reaches a maximum peak (Z max ) called relaxation frequency. On increasing temperature these peaks shift towards the higher frequency side, which indicates the existence of more than one relaxation phenomenon in the material. The asymmetric broadening of the peak suggests spreading of relaxation with temperature. This indicates that relaxation in the material is temperature dependent [29] . The value of Z max decreases with increasing temperature, indicating a decrease in the bulk resistance. The merging of the value of Z in the high-frequency range may be due to accumulation of space charge in the material [30, 31] . The relaxation time can be calculated from maximum frequency (f max ) at Z max . The peak relaxation frequency is defined as m m = 2f max m = 1, where m is the relaxation time and m is the relaxation frequency. Figure 7a shows temperature dependence of complex impedance spectra over a wide range of frequencies (1 kHz -1 MHz). For an ideal Debye-type relaxation, a perfect semicircle with its centre lying on the Z axis is observed. The figure shows depressed semicircles that have their centers below the Z axis, which indicates deviation from ideal Debye behavior [32] . It also shows that instead of a single relaxation time, there is a distribution of relaxation time, which is temperature dependent [33, 34] . It indicates that a thermally activated process of hopping-type mechanism of the charge carrier dominates [35] . The inset in the figure shows a Nyquist plot at low temperatures (100, 140, 180, 220, and 260°C). A single semicircle is seen up to 380°C, but above that temperature, there is a tendency to form a second semicircle in the lowfrequency range. The first semicircle of the high-frequency region is the one because of resistance within the grains of the material, and other due to partial or complete blocking of charge carriers at grain boundaries. It shows that the impedance contribution is mainly due to grains, whereas the grain boundary has a less significant contribution to impedance. The intercepts of each semicircle on the Z axis give the contribution of grain (R g ) and grain boundary resistances (R gb ). It is observed that these depressed semicircles correspond to a parallel combination of resistance and capacitance. The angle at which the semicircle is depressed below the real axis is related to the width of the relaxation time distribution and is termed constant phase element. When temperature increases, these semicircles become smaller and shift towards lower Z values, indicating a reduction in grain and grain boundary resistances with temperature. Using the computer program Zswimpwin, the fitted complex plots of the sample, along with the equivalent circuit model (shown in Fig. 7b ) has been shown in Fig. 7a . To represent non-Debye behavior, constant phase element is introduced with resistors and capacitors [36] .
The relaxation time () was calculated using the relation; = R b C b where R b and C b are the bulk resistance and capacitance, respectively. Relaxation time is independent of the geometrical factors, but depends on intrinsic properties of the sample. Figure 8 shows variation of relaxation time with the inverse of temperature. It is observed that the value of decreases with rise in temperature; a typical semiconductor behavior. The activation energies of the sample are calculated from the Arrhenius relation, = 0 exp(-E a /KT), where 0 is the pre-exponential factor, K is the Boltzmann constant, and T is the absolute temperature. The activation energy of the sample was calculated using linear squares fit to the data points for the low and high temperature regions separately from the slopes of log versus 1000/T. The value of E a is found to be 0.66 and 0.81 eV in the temperature regions of 240-380°C and 400-480°C, respectively. Figure 9 shows the variation of AC conductivity ( ac ) with frequency at selected temperatures. The value of ac is calculated using the formula, ac = ⑀ o ⑀ r tan␦, where ⑀ o is the permittivity of free space, ⑀ r is the relative permittivity, is the angular frequency, and tan␦ is the dielectric loss. In the low-frequency region, the value of ac is almost constant, whereas in the highfrequency region dispersion in the conductivity is observed. An extrapolation of the curve towards lower frequencies gives a value of dc . It shows that there is conductivity relaxation that indicates transition from long-range to short-range charge carrier. At low frequency, the conductivity is due to hopping of ions between the A and B sites, which are restricted to the high-frequency region. The frequency at which change in slope takes place is known as hopping frequency, which depends on temperature. The phenomenon of AC conductivity dispersion in the material is analyzed by Jonscher's power law [30] .
Electrical conductivity
AC conductivity
where dc is frequency-independent conductivity (related to DC conductivity), A T is the pre-exponential factor dependent on temperature, and n is the exponent and can have values between 0 and 1. If the value of n < 1 then it indicates that the hopping motion is translational and if n > 1 the motion involves hopping in localized jumps without leaving the neighborhood. It is found that the material obeys a universal power law, which is confirmed by a typical nonlinear fit of (6) to the experimental data, from which it is found that n < 1, indicating that the motion of the charge carriers is translational [37] . Figure 10 shows the variation of ac with inverse of absolute temperature at different frequencies (10 kHz, 100 kHz, and 1 MHz). The value of ac increases with rising temperature. The increase in conductivity is due to the hopping action of electrons between Fe 2+ and Fe 3+ ions at high temperatures. The activation energy, E a , which is dependent on thermal activated process, can be calculated using the relation
where 0 is the pre-exponential factor, and K is the Boltzmann constant. For each frequency plot different slopes in the low-and high-temperature regions suggest the presence of different types of conduction processes with different activation energies. The low activation energy in the low-temperature region suggests the contribution of space charges. It is seen that at high temperature and low frequency the value of ac is very high compared to that in the low-temperature region. This is because at low frequencies the conductivity is due to the mobility of charge carriers over long distances rather than from relaxation or orientation mechanism in which the charge mobility is restricted to only the nearest neighboring lattice sites. The value of activation energy for AC conductivity is found to increase with increasing temperature. It is found that at high temperatures ac for all frequencies nearly tend to merge, which indicates frequency-independent behavior in that region. The charge carriers responsible for the electrical conductivity at high temperatures are mainly due to the thermally activated oxygen vacancies (doubly ionized).
DC conductivity
The DC electrical conductivity of the sample is calculated using the expression, dc = t/AR, where R may be R b (bulk resistance) or R gb (grain boundary resistance); and t and A are the thickness and area of the sample, respectively. Figure 11 shows the variation of DC conductivity with inverse of absolute temperature. The increasing nature of conductivity with temperature supports negative temperature coefficient of resistance behavior of the sample. The nature of plot follows the Arrhenius relation,
The slope of the plots gives an activation energy that is nearly 0.539 eV for bulk and 1.57 eV for grain boundary. The plot suggests the possibility of electrical conduction due to mobility of oxide ion vacancies at high temperatures. The values of activation energies are different from the values that have been calculated from relaxation time plot. This implies that the charge carriers responsible for conduction and relaxation are different. Figure 12 shows the semi-log plot of current density (J) with electric field (E) at a few selected temperatures (room temperature (30°C), 100, 150, 200, 250, 300, and 350°C). The value of J slowly increases with rising electric field. In the low-field region (up to 200 kV/cm) of the J-E characteristic plot, the slope is nearly equal to one, which indicates that the current conduction is of Ohmic type. In the high-field region, the slope is greater than one indicating the presence of space charge limited current conduction. Figure 13 shows the magnetic hysteresis loop of the sample. Superimposed on anti-ferromagnetic ordering, there is a spiral spin structure because of which the magnetization in BFO vanishes [38] . The suppression of these spiral spin structures causes a weak ferromagnetism in the material. There is a weak ferromagnetism in the material that may be due to structural distortion and Fe 3+ ion distribution. An appearance of loop may be due to canting of anti-ferromagnetically ordered Fe-O-Fe chain of spins. The change in bond angle of Fe-O-Fe may be due to distortion created by K + and Nb 5+ substitution. Saturated hysteresis loops are not observed even at a magnetic field of 60 kOe. The remnant magnetization is 0.0719 emu/gm and coercive field is found to be 0.171 kOe.
J-E characteristics
M-H loop
Conclusion
Using a high-temperature solid-state reaction technique we have synthesized a single-phase BKFN in rhombohedra crystal system at room temperature. The ferroelectric studies at room temperature showed a hysteresis loop with remnant polarization (2P r ) of 17.76 C/cm 2 and coercive field (2E c ) of 36.58 kV/cm. The detailed studies of frequency dependence of impedance spectroscopy suggested temperature-dependent relaxation phenomena in the material. Impedance spectra also indicate that the conduction contribution is mainly due to bulk in the low-temperature region (up to 380°C) and grain boundary effects above 380°C. The activation energy (1.57 eV) estimated from grain boundary condition plot suggests the possibility of electrical conduction due to mobility of oxide ion vacancies at high temperatures. The frequency dependence of AC conductivity is found to obey Jonscher's universal power law. A very weak ferromagnetism is observed in the sample.
